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The rtnsnnous volume of sentconductor  p d l i c a t i o n s  were searched 5 2  
lata ' 7 4  for d e s c r i p t i o n s  of exper imenta l  t echniques  f o r  t h e  electrical 
, c h a r a c t e r i z a t i o n  of semiconductors,  aiming e s p e c i a l l y  for t hose  techniques  
most likely t o  b e  s u i t a b l e  for NASA's space  p rocess ing  program. 
descriptions of noncontac t ing  techniques  w i t h  adequate  r e s o l u t i o n  and 
No 
p r e c i s i o n  were found bn t h e  r e g u l a r  j o u r n a l s ,  b u t  t h e  t r a d e  j o u r n a l s  f o r  
e l e c t r o n i c s  and o p t i c s  r evea led  i n  1974 and 1975 s e v e r a l  s p e c i f i c  r e f e r -  
ences to  successful. measurements of electrical  and/or  o p t i c a l  un i formi ty  
with t h e  a p p r o p r i a t e  high p r e c i s i o n  (circa 1%) and appropr i a t e  h i &  
r e s o l u t i o n  (circa m i c r o n s ) ,  The s e l e c t e d  b ib l iography on electrical 
c h a r a c t e r i z a t i o n  techniques  f o r  semiconductors is given below, arranged 
a l p h a b e t i c a l l y  by f f r s t  author.  The o lde r  p u b l i c a t i o n s  are included f o r  
h i s t o r i c a l  i n t e r e s t  or t h e o r e t i c a l  background. 
The emphasis for i n c l u s i o n  i n  t h i s  b ib l iography w a s  on: 
1. r e p r e s e n t a t i v e  semiconductors -. 
mostly Sf for t h e  e lementa l  semiconductors, 
mostly GaAs for t h e  III-V compounds, and 
mostly CdS for t h e  I I - V I  compounds. 
2. non-contact: g techniques for  t h e  s t anda rd  e l e c t r i c a l  parameters 
t o  suit NASA's need f o r  monitor ing c r y s t a l  growth i n  space ,  
preferably in real t i m e  w i th  h igh  r e s o l u t i o n .  
It should be  noted here (as i n  t h e  t e x t )  t h a t  t h e  Largest  impact of NASA's 
space process ing  of semiconductors may w e l l b e  i n  those  s i g n i f i c a n t  app l i -  
c a t i o n s  o t  s p e c i a L  c h a r a c t e r i s t i c s ,  such as the negative d i f f e r e n t i a l  
A - l  
. 
NAS8-30774 
p e r m i t t i v i t y  f c r  hot e l e c t r o n s  i n  GaAs aad t h e  lunimeacence from S i c  which 
are not  w e l l  covered i n  t h i s  search .  , 
The attac'ted list inc ludes  l a b e l s  from t h e  c a t e g o r i e s  i n  Table  I of 









o r  
DEF( ec  ts) 
DC t o  RF 
Bulk Res is tance  
Coil Loading 
(Skin E f f e c t )  
Mw I R  & OP 
Surface  Res is tance  
(Skin E f f e c t )  
Hall E f f e c t  MW Hall E f f e c t  
Faraday Rota t ion  Faraday Rota t ion  
Gunn E f f e c t  High Fie ld  D i f f e r e n t i a l  
P e r m i t t i v i t y  Photovol t age  
E lec t ron  Spin Resonance Photovol tage 
(ESR) (PV) 
Cyclotron Resonance Photoinduced DC RHO 
Photoinduced MI4 RHO Photoluminescence 
(PL) 
Absorption Spectrum 
So, f o r  example, an  a r t ic le  by G. Feher i n  1960 on e l e c t r o n  s p i n  resonance 
(ESR) i n  s i l i c o n  would be a lphabet ized  as FEHE60 and l a b e l l e d  wi th  t h e  ca tegory  
TAU-MW o r  IMP-MW depending on the  a u t h o r ' s  emphasis. 
a r t i c l e  by L. W .  P a t r i c k  and W .  J. Choyke i n  1965 on S i c  photoluminescence (PL) 
S i m i l a r l y ,  t h e  second 
would be l i s t e d  under PATK65 and l a b e l l e d  IMP-OP. 






The Electrochemical  Soc ie ty ,  h e . ,  Spring Meeting, Chicago, 
Vole 73#1, (May 13-18, 1973). 
- I ac ludes  a v a r i e t y  of techn5queB for scanning semiconducter 
I s u r f x e s  f o r  electrical c h a r a c t e r j s t i c s .  
I 
"Report t o  t h e  American Phys ica l  Societ REVIEW . on Radia t ion  E f f e c t s  on Materials, S 
F a  Vook, chairman, and APS Study Gr 
Mod. P ~ Y s . ,  Set. X, Vol. $7, suppi  3 ( 
- Summary of t h e  r a t h e r  ex tens ive  i n f o m a t  
point d e f e c t s  i n  s i l i c o n ,  c i t i n g  the pauc i ty  of defFct  
i n v e n t o t i e s  i n  o t h e r  semiconductars and t h e  need fo r  
f u r t h e r  e l e c t r i c a l  c h a r a c t e r i z a t l a n  of d e f e c t  processes .  
"Measurement of Carrier L i fe t ime  %n S h i e o n d u c t o r s  - An 
Annotated Bibliography Covering t h e  Period 1949-1967." 
W. Hurray B u l l i s ,  Nat iona l  Bureau of Standards,  Wash., DC, 
NBS .TN 465;  AFML TR 68 108 70P (1968). 
Mfcrofiche: AD 674 627 
"Methods of Measurement f o r  Semiconductor Materials, Process  
eo--e tc  . " 
REVIEW 
REVIEW 
W. M. B u l l i s ,  Nat ional  Rtireau of Standards,  Wash., DC, (Dec 1 
Microfiche:  AD 681 330. 
"Methods of Measurement f o r  Semiconductor Materials, Process  
Co--e t e .  
W. M. Bullis, National  Bureau of S tandards ,  Wash., DC,-(Feb 3.969). 
Microfiche:  AD 683 808 
Nat iona l  Bureau of S tandards ,  Wash., DC, NASA- 
a r t e r l y  Report ,  1 Ap:il - 30 June 1969, pp. 46 
(Max 1 9 6 9 ) -  
Mictaf iche : 3459-39759 
BULL698 "Methods of surement for Semiconductor Materials, Process  RevxEw 
Coatrid and $evices.'I 
W. R. Bullfs,  Nat iona l  Bureau of S tandards ,  Wash., DC, Quar t e r ly  
Repart, 1 .Ianaary - 32 Morrh 1969, NASA-CR-101692 (Aug 1969). 
Mierof i c h e  : N69-30167 
BULL70 "Methods of asurement f o r  Semiconductor Materials, Process  
Cont ro l  and Sbeviees. *' 
REVIEW 
W ,  M. Bullis,  Nat iona l  Bureau of Standards, Wash., DC, Q u a r t e r l y  
Report 1 October - 31 December 1969, NASA-CR-11OZL1, pp. 64 
(August 1970). 
Microfiche: N70-28987 
BULL7 0 "Methods o f  Measurement f o r  Semiconductor M a t e r i a l s ,  Process  REVIEW 
(Santrol and Devices." 
W. M. B u l l f s ,  Nat iona l  Bureau of S tandards ,  Wash., DC, Quar t e r ly  
Report fo r  1 July - 30 September 1969, NBS-TN-520, pp. 7 1  
(March 19701. 
Microf iche:: N70-24156 
BULL7 1 "Methods of Heasurement f o r  Semiconductor Materials, Process  REVIEW 
.. 
W, M, EulLfs, Nat iona l  Bureau of Standards, Wash., DC, Q u a r t e r l y  
Report, 1 July - 30 September 1970, pp. 60 (Apr i l  1971). 
Microfiche: N71-24973 







W E 7  0 
KULI7O 
(GaSe) 
urement f o r  Semicondortar Materials, P r o c e w  RBVIE 
W. M. Bullie, National  Bureau of Etanderds,  Wash., DC, NASA- 
,CR-123167, pp. 54 (October 1971) 
Microf iche: N71-38504 
"Microwave Methods of Studying Semiconductor Materials." 
E. W. Gri f f  i n ;  RADC-TR-71-28 (U) ; February 197 1 4 Cornell 
Univers i ty ,  Ithaca, NY, Schoal of Elec Engr. 
Microfiche: AD716869 (3 cards) .  
t 
4 
"Microwave Engineer ing . " 
Ai F. Harvey, McGraw-Hi l l  Book Co., NYC, (1965). 
- Basic theory  of wave propagat ion i n  c i rcu i t s ,  e s p e c i a l l y  
mode c h a r t s .  Basic des ign  cons ide ra t ions  f o r  resonant  c a v i t i e s  
and f i l t e r  c i r c u i t s .  inc luding  shim e f f e c t  and extens ive  
re ferences .  
P h i l i p  F. Kane and Graydon 8 .  Larrabee; McGraw-Hi l l  Book Co., 
ISBN:- 07-033273-8 (1970) 
"Physical Charac t e r i za t ion  of E lec t ron ic  Materials, Devices 
and Thin Films," 
S. A. Kulin , E. V. Cloughcrty, AFCRL-70-0050; January 1970, 
Manhabs, Inc. ,  Cambridge, Mass. 
Microfiche: AD 703275 (1 Card) 
- High p r e s s u r e  s y n t h e s i s  of Group IV analag compounds. 
Book - "cha rac t e r i za t ion  of Semiconductor Mater ia l s . "  
A- 5 
Y 
I 1  
' MARS7 0" "Si 1. icon Device Processing. REV1 BW 
( S i )  C. P.  Marsden (Nat ional  Bureau of Standards) ,  NBS-SP-337; 
Nove.aber 1970, pp. 469 
Micrclf iche:  N71-17276 (8 ca rds ) .  
MATA7 1 Book - "Defect E l e c t r o n i c s  i n  Seaiconductors" REVIEW 
R. F. Matare, John Wiley & Sons, h e . ,  ISBN: 0-471-57618-2, 
LCCC: 79-138916 (1971). 
- Defec ts  t h a t  a f f e c t  e l e c t r i c a l  p r o p e r t i e s  of semiconductors 
are reviewed, e s p e c i a l l y  w i t h  r e s p e c t  t o  t h e i r  in f luence  and 
a p p l i c a t i o n s  i n  devices .  Measurement techniques are summarized 
i n  a seventy page appendix. 
MILN7 3 Book - "Deep I m p u r i t i e s  i n  Semiconductors. REVIEW 
A. G. Milnes ,  John Wiley & Sons, Inc. ,  ISBN 0-471-60670-7 (1973) 
- This  book reviews t h e  deep t r a p s  formed by a v a r i e t y  of s p e c i f i c  
i m p u r i t i e s  i n  S i  and C e ,  i n  G a A s  and o t h e r  I I I - V  compounds. Photo- 
c o n d u c t i v i t y  involving two wavelengths of l i g h t  and a lso high f i e l d  
p e r m i t t i v i t y  are d iscussed ,  as  a re  techniques f o r  l i f e t i m e  measure- 
ments. 
SZE68 " R e s i s t i v i t y ,  Mobil i ty  and Impurity Levels i n  GaAs,  G e  and REVIEW 
S i  a t  300°K." 
( G e ,  S i ,  S.  M. Sze and J. 6. I r v i n r  S o l i d - s t a t e  E l e c t r o n i c s ,  Pergamon 
GaAs) Press Vol. ll, 599 (1968). 
- The r e s i s t i v i t y  and m o b i l i t y  d a t a  of GaAs a t  300°K have been 
analyzed by leas t - square  method and p l o t t e d  as a f u n c t i o n  of t h e  
impurity concent ra t ion .  The measured impuri ty  l e v e l s  i n  G a A s  
have been presented i n  g r a p h i c a l  'form f o r  t h e  m o s t  a c c u r a t e  and 
. up-to-date va lues .  For convenient r e f e r e n c e  t h e  published r e s u l t s  
for Cc and Si arc: a l so  prcisented. 




, .  
VORO7 0 
(GaAs : Zu) 
. 
"Trmsient Method of Measuring Wiry Low Conductivitie 
Daniel Chatkin, Pierre Gautier md Colette Lacirbanne, Rev. S 
Inst.rum., Val. 41811, 1610 (November 1970). 
- Art experimental procedure is proposed, which amounts to 
Fourier transforming the frequency depending torque in the 
Ogawa's torsion pendulum method. 
the order 100 the fairly long times needed for measuring the 
very l o w  conductivities of insula&.1Eng m a  
Contacting Elect rodots . 
This reduces by a factor of 
I 
.- 
I .  
"Apparatus for the Rapid Scanning of the Seebeck Coefficient DC-IMP 
of Semiconductors. " 
L. E. J.  Cowles and L. A. Dauncey, J. Sci. Instrum., Vol. 39, 
pp. 16 (1962). 
''Simple Apparatus for Measuring Thermoelectric Power of DC-IMP 
Small Samples from 80 to 650K." 
_" James A. Muir, Rev. Sci. Inst., Vol. 42 (Jan-June 1971). 
"Use of a Thermoelectric Probe in an Investigation of the DC-INP 
Diffused Impurity Distribution in Layers," 
T, I. Voronina, Yu. A. Gol'dberg, 0. V. Emel'yanenko and 
R. P. Kesamanly. translated from Fizika i Tekhqika Poluprovod Y 
pp. 1591-1593, October 1969; Soviet Physics-Semfconductors, V - 31110, 1338 (April 1970). 
- This paper reports the results of an investigation of the 
diffusion profile of zinc in gallium arsenide. which was dedu 




WOLGO "Extized Impurity Density in 17-l'ype CaAs." 
( W S )  C. ?I. Wolfe, G. E. Stillman and .I. 0.  Dimmock, Journal of 
AppLied Physics, Vol. 41112, 504 (Feb 1970). 
- Tctal ionized impurity densitiea (ND+NA) from 7x10'' to 
3xlC I7crna3 are determined for epi2axlal samples of 
GaAs by analyzing mobility and czrrier concentration datg as 
a function of temperature with the Brooks-Herring formula for 
iontzzed impurity scattering.. Thjs procedure results i n  the 
determination of a temperature range within which the effects 
of other scattering mechanisms ace minimal and gives values of 
ND and NA which are in good agreement with imyurity,densities 
obtained from analyses of the temperature variation of the Hall 
constant. These results are then used to determine empirical 
curves relating the impurity density to the 7'K Hall mobility. 
With these data a good estimate of the total ionized impurity 
concentration in a sample can be determined from Hall constant 
and resistivity measurements at 7'K. 
ptype 
Rum68 "Determination of Resistivity and Hall Coefficient of Semi- 
conducting Materials Between 80°K and 375'K. '* 
R. C. Ruff, NASA-Rl-X-53763, pp. 43 ( 6  August 1968). 
Microfiche: N68-33020. 




H. L. McKinzie and D. S. Tannhauser, Journal of Applied Phys ics ,  




(Ge;ipaAs) J. C. Brice a d  P .  Moore, Mullard Research t abora tor i t?  
Surrey, .fournal.sf S c i e n t i f c  fnstrrments, Val 38, 307 (July 19 
- This note desctlbes a s imple  apginratus f o r  the comparative 
deternhatfon of r e s i d t i v i t y  i n  thp range 10-3 to  10 ohm em, using 
the r ay -cu r rema  p r i n c i p l e .  'Eddy c u r r e n t s  are induced i n  the 
specimen by EP flat s p i r a l  inductor  forming p a r t  of t h e  tuned 
circukt of an o s c i l l a t o r  working at about  10 Mc/s. 
BROW64 "A Non-Contact R e s i s t i v i t y  Meter." ' 
A. C. Brown, .E- S c i .  Instrum.,  Vol. 4 l ,  (1964). 
- An inst rument  is descr ibed  which can measure t h e  r e s i s t i v i t y  
of s l i c e s  of semiconducting material, 
r e s i s t i v i t i e s  of t h e  order of milliohm cm. The c a l i b r a t i o n  o f  
the instrument  is c a l c u l n h l e  from theory. R e s i s t i v i t y  is indi- 
ca ted  by a f requency to  which i t  is l i n e a r l y  r e l a t e d .  
I t  i s  s u i t a b l e  f o r  
C U B 7  1 "Contact less  Induc t ion  Method f o r  Electric R e s i s t i v i t y  RF-RHO 
Measurement." 
Aleksander 2. Chaberski ,  3 .  Appl. Phys., Vol. 4 2 # 3 ,  940 
.(1 March 197x1. 
- A new absolute method is developed f o r  measuring e lec t r ic  
r e s i s t i v i t y  ia t h e  range of loe8 t o  lof8 ohm-cm of a sample 
S t r a r y  shape. This  method t a k e s  i n t o  account 
self- induced conduction and p o l a r i z a t l o n  cu r ren t .  
re made with the specimen placed i n  a cons tan t  
r o t a t i n g  magnet ic  f i e l d  i n  such an o r i e n t a t i o n  that i t  exper- 
i ences  maximum torque  and has minimum moment of ix2erti.a. 
RF-RHO PlSCb9 "Dire( t I ) e t t * r w i n , i t i o n  ot S k i n  Oepth by a Radio-Fr 
Size ISffect-."' .. 
( B O  Harris Fischer and Yi-Han Kao, Sol id  State  Commun 
Pcrgamon Press, Vol. L, pp. 275-277 (1969). 
- A s ize-dependent  absorp t ion  peak is observed wh 
or poly -cryska l  Bismuth slabs a t  l i q u i d  Helium tern 
are s i tua ted  i n  the t ank  coil of a marginal r a d i  
o s c i l l a t o r  and subjec ted  t o  a magnetic f i e l d  H. 
A-9 
u 
MIS67 '' "Elec t rode less  Measurement of Resis t iv i t ies  Over a Very RF-REI0 
W i d e !  Range " 
R. W. Hais ty ,  Rev. of S c i .  Instruia., Vola 3882, 262 (Feb 1967). 
- R e s i s t i v i t y  of e l e c t r o n i c  conductors ,  from metals t o  s e m i -  
i n s u l a t o r s ,  is determined f r o m , t h e  change i n  g r  t 
a high frequency o s c i l l a t o r  owing t o  t h e  load in  
eddy c u r r e n t s  i n  t h e  sample. 
a t  1 5  Mc and covering t h e  range I O m 4  
a p p l i c a t i o n  to  the  e s t ima t ion  of sample homogeneity is d i s c  
A ' t y p i c a l  c a l i b r a t i o n  curve,  made 
R-cm t o  lo8 R-cm is 
HAIS68 "Measurements of High Resis t ivi t ies  by t h e  E l e c t r o d e l e s s  
F a l l i n g  Sample Method." 
r(. W. Hais ty ,  Rev. Sc i .  I n s t . , ' V o l .  3985, pp.  778 (1968). 
HAMD73 "Measurement of R e s i s t i v i t y  Change by a Mutual Inductance 
Method. " 
A. J. Hamdani, J. Appl. Phys. ,  Vol. 44/18, 3486 (August 1973). 
- The r e s i s t i v i t y  of a nonferromagnetic conductor can be 
deduced from the  change i n  m u t u a l  inductance between two c o i l s  
when t h e  sample is i n s e r t e d .  A method is  descr ibed  f o r  meas- 
ur ing  mutual inductance over a range of f requencies  and this 
can be  used t o  d e t e c t  change i n  r e s i s t i v i t i e s  of t h e  o rder  of 
+lo-' ' ohm-crn. 
MIYA67 "Contac t less  Measurement of R e s i s t i v i t y  of S l i c e s  of Semi- 
Conductor Mater ia l s . "  
Nobuo Miyamoto and Jun-Tctii Nishizawa, The Rev. of S e i .  Instrum.,  
V o l .  w, 360 (March 1967). 
- In this r e s i s t i v i t y  m e n s u r c m e n t ,  n p a i r  of s emic i r cu la r  meas- 
u r ing  e l e c t r o d e s  is conncctctl t o  a s e r i e s  or p a r a l l e l  resonance 
circt i  i t composed of an indiictnnc,c L ilnd :I var iab le  capac i tance  
C .  A s i t m p l e  is coup led  cnpi ic i t ive ly  w i t l i  t he  e l e c t r o d e  w i t h  no 
d i r e c t  con tac t .  'L'llc m t h o r s '  method is  similar t o  t h e  Q meter 








."Measurement of t h e  E l e c t r i c a l  Conduct ivi ty  and Dioketr 
Cons t an  t Without Contact ing Elec t rodes  . " 
Tomoya Ogawa, J. Appl. Phys., VoL. 32/14, 583 (April 1961). 
- A method is developed whereby e l e c t r i c a l  conduc t iv i ty  and 
dielectric c o n s t a n t  of semiconducaing and d i e l e c t r i c  materials 
wi thout  con tac t ing  e l e c t r o d e s  c 
of thfs  method is t h a t  a spec 
f i e l d  wi th  a f f n e  f i b e r  is rotat :  
t o  t& electrical Conduct ivi ty  o 
d i e l e c t r i c  cons t an t ,  and 
a g i n e a r l y  po la r i zed  f i e l d  is pr 
of i t a  d i e l e c t r i c  conetant .  
VERN7 2 "Measurements of t h e  Resistivity of Semiconductors by Means 
of Eddy Currents .  I' 
(S i )  Yu. M. Vernigorov and A. M, Fedulov, t r a n s l a t e d  from Pr ibory  i 
Tekhnika Eksperimenta, No. 1, pp. 203-204, Jan-Feb 1972; Inst, 
and Exp. Tech. Vol. l S # l ,  235 (1972). 
- A method is  proposed for determTning t h e  r e s i s t i v i t y  of semi- 
conductor d i s k s  by means of eddy c u r r e n t s .  
of t h e  problem of t h e  in f luence  of a conduct ing d i s k  on a turn 
c a r r y i n g  a c u r r e n t  which v a r i e s  according to  a harmonic l aw,  
t h e  r e l a t i o n s h i p  is obtained between t h e  magnitude of the  re- 
sistance r e f l e c t e d  i n t o  t h e  t u r n  and t h e  e l e c t r o p h y s i c a l  and 
geometric parameters  of t h e  semiconductor d i s k .  The c a l c u l a t i o n  
error w a s  es t imated experimental ly  and does n o t  exceed 10% 
i n  comparison wi th  t h e  r e s u l t s  of con tac t  measurements performed 
on s i n g l e - c r y s t a l  semiconductor d i sks .  
From t h e  s o l u t i o n  
E lec t rode le s s  Techniques f o r  Semiconductor Measurements." RF-MU I 1  NYRE62 
D. W. Nyberg and R. E. Burgess, Canadian Journa l  of Phys ics ,  
Vol. 40, 1174 (1962). 
- Elec t rode le s s  methods, based on the  induc t ive  coupl ing of 
samples t o  c o i l s ,  f o r  determining t h e  e l e c t r i c a l  conduct iv i ty ,  
t he  Hall mob i l i t y ,  and the  magneto-resistance of a semiconductor 
are descr ibed .  
s p h e r i c a l  geometry samples  and design cons ide ra t ions  
per imenta l  techniques are d iscussed .  
The theory is developed f o r  c y l i n d r i c a l  and 
. .  
YANK70 
( TnS b) 2. K. Yankauskas, t r a n s l a t e d  from Fiz ika  Tverdogo Tela, pp. 
2642-2644, September 1969; Sovie t  Physics-Solid S t a t e ,  Vol. 
_I_ l l f 9 ,  2131 (March 1970). 
"Hall Effec t  f o r  Eddy Currents  i n  a Semiconductor." RF-Mu 








DONO 5 6 
"Lumped Constams for Small I r i s e s . "  Mw-RIIO . 
H. A. Bethe. !€ Radiat ion Lnboratoxy, Report: 43-22 (March 2 4 ,  
1 9 4 3 ) .  
- The bas i c  ca u l a t i o n  of t h e  dons tan t s  which describe the  
microwave coup l ing  through an  iris 
r a c t e r i z a t i o n  of G a b  Sing le  c r y s t a l  i r i  W-WO 
of M555 F l i g h t  Experiment." CaP-fMP 
J. @. Cas t l e ,  SA CR-143986, F ina l  Technical  Report under 
Contract No, -29542 (October 1975). 
- Two methods of ob ta in ing  the  microwave s k i n  depth,  one f o r  
mapptng f l a t  s u r f a c e s  and the  o the r  f o r  analyzing t h e  whole 
1 s i n g l e  crystal  wafers, were developed t o  t h e  
g l abora to ry  procedures.  The pre l iminary  35 
t e r i z i n g  the two types of space-related s i n g l e  
s, flat s l i c e s  of gal l ium a r s e n i d e  and smal l  
nium s e l e n i d e ,  are d iscussed .  A t h i r d  method 
of nondes t ruc t ive  mapping of donor impuri ty  d e n s i t y  i n  semi- 
conductor s u r f a c e s  by scanning wi th  a l i g h t  beam was developed 
for GaAs. 
' 
"E lec t rode le s s  Determinat ion of Semiconductor Conduct ivi ty  Mw-RHO 
e R e f l e c t i v i t y  . 'I 
K. Champlin, 3. D. Holm and G. H. Glover, Jou rna l  of Applied 
Physics ,  VOX, I., 96 (January 1967). 
u t i l i z i n g  the TEolo-mode of c i r c u l a r  waveguide 
ion c o e f f i c i e n t  bridge." 
"High Frequency Cdnduct ivi ty  i n  Semiconductors." MW-RHO 
B. Donovan and  N o  H e  March Departments of Physics ,  Bedford College,  
i l ve r s i ty  of Shef f i e l d ,  , p. 5 2 8 "  (1956). 
- N h t o r i c d  c a l c u l a t i o n  of t he  electrical conduc t iv i ty  i n  
a 1  t erna t Fng f e l d s  is developed for  non-degenerate semiconductors 












"Nonccmtact Methad of Measuring 'l'enlpercrcure Depe 
EJectrical Conduct ivi ty  of Semicandbcting Mater 
D, V. I r emashv l l i ,  N. I, Leont'avt G, M, k i l o v  and$ A. 1. 
Shimko, Instrum. and Exp, TeCh, V(d. 12#2, 1022 (July-Dec 1969) . 
- A noncontact method of m e p u r  
semiconducting samples in a w i d  ange of temperatures  (20- 
800°C) wi th  t h e  u s e  of a super  h l i h  Frequency cavPty r e sona to r  
is dkscribed. 
s p e c i f i c  resistance of 
"New Microwave Techniques i n  t h e  Measurement ?f Semi- MW-RHO 
conductor Phenomena." 
H. Jacobs,  F. A. Hrnnd. J .  D, Meindl, S. Weitz, U. S .  Army 
Signal Research and Development Laboratory,  For t  Monmouth, 
N.3. and R. Benjamin, Monmouth College,  West: Long 3ranch, N . J .  
1 , R . E .  I n t e r n a t i o n a l  Convention Record, p .  30 (1962) 
- Techniques l ime been developed us ing  microwave t ransmiss ion  
and r e f l e c t i o n  t o  deterrninc t h e  phys ica l  c o n s t a n t s  of c r y s t a l s  
such as  the  bulk Lifetime, surface recombination v e l o c i t y ,  resis- 
ments involv ing  t h e  p r o f i l i n g  of ingot  r e s i s t i v i t y  and l i f e t i m e  
by a microwave r e f l e c t i o n  method promises to be as accura t e  and 
less complicatcd than the niore convent ional '  dc  conduc t iv i ty  tech- 
n iques . 
,t t i v i t y  and d i e l e c t r i c  cons t an t .  One of t h e  most recent  develop- . s  
"Ref lec t ion  of Microwaves from Semiconductors." MW-RHO 
J. Lindmayer and M. Kutsko, Sol id  S t a t e  E lec t ron ic s ,  Pergamon Press, 
VOL. 4, pp.  377-381 (1963). 
- Ref lec t ion  of microwave energy from a semiconductor is  ca l cu la t ed  
and measured. 
sandw it 1 1 .  
The wave xuide is terminated by a semiconductor-metal 
A Microwave Resonant Cavi ty  Method f o r  Measuring t h e  MW-RHO I 1  
R e s i s t i v i t y  of Semi-conducting Materials." 
J. G. L inhar t ,  M. Templeton and R. Dunsmuir, Research Labora tor ies ,  
B r i t i s h  Thomson-Houston Co., Ltd.,  Rugby, B r i t i s h  Jou rna l  of Applied 
Physics ,  Vol. L,  36 (January 1956). 
- H i s t o r i c a l  d e s c r i p t i o n  f o r  measuring t h e  r e s i s t i v i t y  of semi- 







GERS7 1 A  
CERS7l.B 
"Camments on E l e c t r o d e l e s s  Measui umente of Semiconductor 
R e s i s t i v i t y  a t  Microwave Frequencies ,'I 
0 .  :'andus, Proceedings of IRE. VoL. 3, Corres,, 473 (1962). 
"Derermination of t h e  C a r r i e r  Mobil i ty  and Densi ty  i n  Mw-Mu 
Semiconductors Using n Bimodal Microwave Resonator." (Mw- tW) 
E. M. Gcrshrnzon and V. N. Martsinkevich, Sovie t  Physics  - 
Semiconductors, Vol. 483, 450 (September 1970). 
- An a n a l y s i s  is given of t h e  p o s s i b i l i t y  of measuring t h e  
mobi l i ty  and d e n s i t y  o f  Free carriers i n  semiconductors i n  t h e  
microwave range, us ing  ;I bimodal resonntor  i n  n wide range of 
temperaturesand magnetic. f i e l d s .  The resu l t s  of t h e  c a l c u l a t i o n s  
are compared w i t h  expcr i i i w n t n l  d a t a  on n-type G e .  
"Use of a Bimodal Resonator i n  t h e  Determination of t h e  Mw-Mu 
Mobil i ty  of Carriers of t h e  Same Sign but  w i t h  D i f f e r e n t  
E €  f ec t i v e  Masses. " 
E. M. Gershenzon and V. N. Marfsinkevich. Sovie t  Physics  - 
Semiconductors, Vol. 41'/9, 1557, (March 1971). 
- A bimodal resonator  could be used to  measure t h e  parameters 
of semiconductors with two types of c a r r i e r  of t h e  same s i g n  
but  wi th  d i f f e r e n t  e f f e c t i v e  masses, srich as t h e  m o b i l i t i e s  
of t h e  l i g h t  and  hc>;ivy holes i n  Ge. 
P o t e n t i a l i t i e s  o f  .I Ilimodal Resonator i n  t h e  Measurement 
of 1 1  of High-Mobili t y  Scmic.onductors." . 
I 1  
E .  M. Cershcnzon and V .  N .  Mnrtsinkcvich, Sovitst T'hysirs - 
Semic:onductors, V o Z .  m, 1559 (Mar'ch 1 9 7 1 ) .  
Mw-Mu 
NISHS8 "kleaswement of the tall Mobi l i ty  %a q-Srpe Gemwn 
I (Ge) Y. Nishfna and W. J. SpryI J, . Phg.cs. - Utter (Early 1958 
. - The Rall mobility of f r e e  cartiears i n  a single c r y s t a l  of 16 
- type germanium w a s  measured a t  9121 Mc i n  a dua l  ut 
. sec c va 
ua2/voit see, me sec 
c a v i t y  at room t of 
ratqlat c u t  f r a  the  mate ge 
PORT58 "Microwave Faraday Rotat ion:  Design and Analysis  of a 
Bimodal Cavi ty  
A. M. P o r t i s  a d  Dale Teaney, Journal of Applied Physics, 
Vol. 291112, 1692 (December ZSSS). 
- The design 
t i o n  pf micreme Faraday r o t a t % m  is presented.  
analysis of  a bimodal c a v i t y  f o r  t h e  observa- 
SRIS71 "Microwave Transmission Through P-Type Germanium. " €aw?ilJ 
V o l .  &, 364 (1971). -." 
G. P. Srivar t tava and A. K. Jain, 3. EIhys. C:Solid S t  .Phys., 
r t ransmiss ion  for both t h e  c i r c u l a r  modes 
ode of p o l a r i z a t i o n  through p-type germanium 
estimate the m o b i l i t i e s  due t o  impurity 
thermal  s c a t t e r i n g .  
. 
A-15 
I .  . I '  .. 
( GaAs) G .  P .  Acket, Phys ics  Letters, Vol. - 24A1j4, 200 (13 Feb 1967). 
- Errperimental d a t a  concerning the  nega t ive  s lope-mobil i ty  
i n  q-GaAs are presented .  It is  g e n e r a l l y  accepted t h a t  t h e  
Gum.- ins tab i l i ty  [l] i n  q-GaAs i s  due t o  a d i f f e r e n t i a l  
neght ive  conductance a r i s i n g  from e l e c t r o n  t r a n s f e r  from the.  
. . high-mobil i ty  (000) conduct ion band minimum towards t h e  low- 
) sa te l l i t e  minima. I n  t h i s  no te  w e  should l i k e  
easurdmcnts of the  cur ren t -vol tage  c h a r a c t e r i s t i c  
of 
technique us& by Zucker c t .  a l .  181 f o r  germanium and s i l i c o n .  
T h f s  method s chosen s i n c e  a t  s u f f i c i e n t l y  high frequency no 
buf1d-up of I n s t a b i l i t i e s  w i l l  be p o s s i b l e  because t h e  material 
is s w e p t  v e r y  r a p i d l y  i n L o  and ou t  of the  negat ive-mobil i ty  
range. 
'I-GaAs by high-power microwaves, u s ing  a modi f ica t ion  of t h e  
(:J,OV71 "Error in Mfcrowave Measurements of t he  Veloci ty-Field Mw-DMU 
C h a r a c t e r i s t i c s  of 'I-Type GaAs Due t o  Energy Relaxat ion 
E€ f ec ts. " 
(%As) G. H, Glover,  A p p l i e d  Phys ics  Letters, Vol. 18//7,  290 (Apr i l  1, 
1971). 
8 
t h e o r e t i c a l l y  t h a t  t h e  average d r i f t  v e l o c i t y  of 
e l e c t r o n s  in GaAs as measured by microwave techniques  d i f f e r s  
s u b s t a n t i a l l y  from t h e  dc c h a r a c t e r i s t i c .  This  e r r o r ,  a r i s i n g  
fram e lec t ron-energy  r s l a x n t i o n  e f f e c t s ,  tias always been neglected 
i n  pasc menswrements. The  s i m p l e  model p r e d i c t s  an e r r o r  of 16% 
in measured v e l o c i t y  a t  35 CHz. 
CI.OV7 1 "[I igh-Fiv Id Nicrow;ive Ferin i t r i v i t y  of E lec t rons  i n  B u l k  GaAs . ' I  MW-DMU 
(GnAs) G. H .  Glover, Journa l  of A p p l i e d  Physics ,  Vol. 421!13, 5590 
- Measurements of t h e  p e r m i t t i v i t y  of bulk ri-type G a A s  have 
been ob ta ined  a t  ;I f r e q u e n c y  of 3.5 GIiz wi th  microwave hea t ing  
F ie ld  s t r e n g t h s  u p  t o  16 kV/ern. The measurements are i n  good 
agreement wich p r e d i c t i o n s  of a s i m p l e  twa-valley model ?s ing  
a n  energy-independent thermal r e l a x a t  ion  p j m e  T =l. 5x10 2sec. 
The peak v a l u e  of the  l a r g e - s i g n n 1 , p e r m i t t i v i t y  i s  found t o  be 
cons ide rab ly  smaller than  t h e  small-s ignal  high-f i e ld  va lues  
r epa r t ed  in  t h e  pas t .  This  d i s p a r i t y  is s u b s t a n t i a t e d  by cal- 
c u l a t i o n s  with t h e  two-valley model. I t  is f e l t  t h a t  t h e  l a rge -  
s i g n a l  func t fon  measured hcre is cons iderably  more r e l e v a n t  t o  
LSA-mode c i r c u i t  des ign ,  .IS wcll ns t o  c a l c u l a t i o n s  of e l e c t r o n  
pnrcrne t r i c o p e  rn t ion, t h< in  s m a  11 -s ignil I v:i I UPS.  
7 
4 
A- 1. h 
M-icrrmave Mensuremcnt or cite Velocity-Field C h a r a c t e r i s t i c s  ' W-BMlJ 
in n-Type Gallium Arsenide," 
t f  LNOU7 1 
(GaAs)' &SI t aka  Inoue, Jun j i Shirnf  u j  i and Yeshio I n u i s h i  , Japanese 
J o u r n a l  of Applied Phys ics ,  Vol. :0#10, 1378 (October 1971). 
- In o r d e r  t o  c l a r i f y  t h e  reasons  of l a r g e  c 
v e l o c i t y - f i e l d  characteristics of GaAs among 
repor ted  so f a r  t h e  e f f e c t s  of nonuniform co 
f i e l d  mob i l i t y  on t he  velocity-fb$.d c h a r a c t e r i s t i c s  are inves- 
t iga t ed us ing  a micro wave - he a t Jng r -  technique . 
of nonuniformity are introduced by serial i r r a d i a t i o n  of 
electrons on a loca l i zed  po r t ion  of t h e  sampl 
show t h a t  t h e  threshold f i e l d ,  peak v e l o c i t y  
d i f f e r e n t i a l  mob i l i t y  increased  with i n c r e a s i  
f ormi t y  . 
Var ious  degrees  
KANE7 1 "Microwave Anisotropy and Frequency Dependence of Rot 
Elec t ron  i n  Q-Type GaAs." 
( G a A s )  Shigeo Kaneda and Piasayuki Abe, Japanese J o u r n a l  of Applied 
Physics ,  Vol. l O # l O ,  1396 (October 197%). 
- The phys ica l  mechanism of t h e  microwave an i so t ropy  due t o  
t h e  ho t  e l e c t r o n  e f f e c t  i n  a semiconductor bulk is a t  f i r s t  
i nves t iga t ed  phenomenologically for the case t h a t  a r e l a t i v e  
s p a t i a l  ang le  8 between a small microwave e l e c t r i c  f i e l d  and 
a high i n t e n s i t y  e l e c t r i c  b i a s  field is a r b i t r a r y .  And then, 
t h e  microwave an i s t ropy  and t h e  frequency dependence i n  
GaAs are analyzed by u s i n g  the  Boltzmann t r anspor t  equat ions.  
Conclusively,  t h e  micr-ov;vc n n l s o t r o p y  i s  e s p e c i a l l y  remarkable 








"Determination of t h e  Impuri ty  Concentrat ion i n  Germanium BJIV-IMP 
f ram Cyclotrm Resonance. 'I 
L. E- BlagosUonskaya,  E. M. Gershsnzon and Yu. P. Ladyzhinski i .  
V. 1 .  Lerzin w S t a t e  Pedagogical I n s t i t u t e  t r a n s l a t e d  from 
F i z i k a  i T e  Poluprovodnikov, Vol. 4, No. 6, pp 1187-1189, 
June 1970. Orltginal a r t i c l e  submitted January 9 ,  1970. 
- Cyclotron r 
mechanism by 
is d i s s i p a t e d  
of us ing  cyclaa$tron resonance t o  determine t h e  concen t r a t ion  of 
i m p u r i t i e s  i n .  rmanium by measuring t h e  c o n t r i b u t i o n  of t h e  scat- 
terkng by neirkral  i m p u r i t i e s  t o  t h e  Cyclotron l i n e  width.  
de t e rmina t ions  of t h e  impuri ty  concen t r a t ion  have been made a l r eady  
(1, 2 ) .  A d e t a i l e d  i n v e s t i g a t i o n  of t h e  s c a t t e r i n g  by n e u t r a l  
impur i t i e s ,  rqpor t ed  i n  ( 3 ,  4 ) .  is the  b a s i s  o f  t he  method suggested 
here ,  
onance is widely used i n  i n v e s t i g a t i o n s  of the 
i c h  the momentum of f r e e  carriers i n  semiconductors 
The prcsent  pape r  is concerned wi th  t h e  p o s s i b i l i t y  
Such 
"Raman Spin-Lat t ice  Relaxa t ion  of Shallow Donors i n  S i l icon ."  MW-IMP 
Theodore G. Cas tne r ,  Jr.,  Phys ica l  Review, Vol. 130#1, 58 (1 A p r i l  
1963). 
Th i s  work r e p o r t s  bo th  experimental  measurements and c a l c u l a t i o n s  
of two-phonan Raman s p i n - l a t t i c e  r e l a x a t i o n  times f o r  shallow 
donors i n  s i l f c o n ,  Sa tu rn t  i o n ,  l i n e  broadening and a d i a b a t i c  f a s t  
possn):e t cchnfques  were used t o  measure T, (AMs*l. , A M l = O )  between 
2 and  30°K for P,  As, Sh and 1 5 i  a t  3300 C. 
Spin-La t t i c e  
4.2'K 
1* 
C. R. Wagner, 
Relaxa t ion  o f  Mn2+ i n  Hexagonal CdS below Mw-IMP 
J .  Murphy and J .  G. Castle, J r . ,  Phys ica l  Review E ,  
Vol. w, 3103 (I  October 1973). 
- The sp in- l r rc t ice  r e l a x a t i o n  o f  Mn2+ i n  hexagonal CdS has been 
s tudied  a t  x and i n  t h e  temperature range 1.3-4.2'K us ing  







( S i )  
FOSS73A 
( InSb) 
"ThP Hall  Effect i n  Metals a t  High Frequencies." 
i 
IR-TAU 
B. I)3novan, Department of Physics  Northern Polytechnic ,  
Londm. Proc. Phys. SOC. Vol. , 1026 (1955) 
- H i s t o r i c a l  c a l c u l a t i o n s  of t h e  Hall c o e f f i c i e n t  have been 
c a r r i e d  through for a metal wi th  :wo overlapping energy bands, 
and t h e  variations wi th  frequency and wi th  f i e l d  s t r e n g t h  are 
shown g r a p h i c a l l y  f o r  c e r t a i n  s p e c i a l  cases. 
"The Magneto-Resistance Ef fec t  i n  Metals a t  High Frequencies." IR-RHO 
R. Donovan, Department of Physics ,  Northern Polytechnic ,  London. 
Proc. Phys. S O C .  Vol. Z.XVIIb4-h, p. 22 (1954). 
- His tor icaL d e s r r i p t  ion < > I -  e f f e c t  of interband s c a t t e r i n g  on 
MW and 1R surface r e s i s t a n c e .  
Q u a n t i t a t i v e  Piezospectroscopy of t h e  Ground and Excited IR-IMP 11 
q t a t e c  nf A c r e n t n r c  i n  Silirnn I' 
H. R .  Chandeasekhar, P .  F i sher ,  A. Romados and S. Rodriguez. 
Phys. Rev. B8 - 3836 (1973) .  
- PA and PI., v s .  ex t e rna l  s t r e s s .  
"Radiat ive Recombinnrion of Electron-Hole Pairs Generated IR-IMP 
by Two-Photon Absorption i n  Indium Autimonide. I t  
H .  . I .  Fossum, B. Aucker-Johnson. Phys. Rev. B8 2850 (1973).  
- Photo luminescence. 
- 
, A-19  
FOSS73B "Excess Carr&ers 'Induced i n  Indium Antimonide wi th  a XR-IMP 
(InSb) H. .. F o s s ~ , ,  W. S. Chen and B. Atcker-Johnson. Phys. Rev. - B8, 2%S7 (1943). 
- Pnutoinduc conduc t iv i ty .  
KEEN7 1 "Pseudo-BrewZer Angle Determination of Carrier Concentration." IR-IMP 
(Si) W. A. Reenan and P. A. Schumann, Jr., J. Electrochem. SOC.: Sol id  
S t a t e  Science,  V o l .  118, 2010 (December 1971).  
- An i n f r a r e  , o p t i c a l  cuns tdn t  model for semiconductors has  been 
used t o  c a l c u 8 a t e  c a l i b r a t i o n  curves  r e l a t i n g  carrier concent ra t ion  
in s i l i c o n  t5 t h e  pseudo-Brewster ang le  f o r  s e v e r a l  wavelengths,  
t h e  range of carrier concen t r a t ions  being l imi t ed  by t h e  wave- 
Experimental  r e s u l t s  f o r  s i l i c o n  are presented  . 
h of 3.391 pm. 
KEEN7 2 "Pseudo-Brewsrer Angle Concentrat ion Determination: Apparatus 
Repr odu c i b  fll i t  y and Accuracy . I' 
(S i )  W. A. Keenart, C. J. Liu and C. P. Schneider ,  J .  El.ectrochem. 
Soc,,,  Vol. E, 522 (1972).  
- The ang le  c f  inc idence  a~ K i i k - l i  the  p a r a l l e l  caniponent of 
po lar ized  ing ra rcd  reflected l i g h t  attains a minimum ( t h e  , 
pseudo-Brewstzer angle ,  o r  PEA) is used t o  determine sernicon- 
duc to r  c a r r i e r  concen t r a t ions .  
He-Ne laser as a po la r i zed  l i g h t  source  is descr ibed .  Experi- 
mental result& f o r  n- and p-type s i l i c o n  are compared wi th  plasma 
resonance a d  s h e e t  r e s i s t a n c e  measurements t o  determine b e s t  f i t  
of t h e o r e t l c d  c a l i b r a t i o n  curves.  
and c o r r e k i t i a n  s t u d i e s  are also presented .  
A PBA appara tus  us-ing a 3.391 





KESS72 "Optical  Constants  and Free Carr:.er Data of Heavily Doped IR-TAU i 
Semiconductors from Ref l ec t ion  Bxisurements i n  t h e  Infrared."  
(Si)  F. R. Kessler and E .  Barta, Phys. Stat .  S o l .  (a ) ,  Vol. 2, 
469 (1972). 
- A rtethod f o r  determining the o p t i c a l  c o n s t a n t s  of heav i ly  
dope6 semiconductors i n  t h e  i n f r a t a d  and f r e e  carrier parameters  




The ,nethod is based upon an ana lyFis  of t h e  r e f l e c t i v i t y  spectrum 
in the reg ion  of t h e  plasma resonance frequency. The a n a l y s i s  
t akes  account of t h e  energy dependence of t h e  r e l a x a t i o n  t i m e .  
This  method allows an accu ra t e  de te rmina t ion  of t h e  index of 
1 
T d a t a  and o p t i c a l  c o n s t a n t s  so determined are 
n- and p-type s i l i c o n .  I 
absorp t ion  even f o r  kcO.2' i n  s p i t e  of t h e  s imple experimental  
setup.  ak and 
presented f o r  
Y 
Free-Carr ier  
S i l i c o n .  " 
11 LAMB7 2 
(S i )  L. M. Lambert 
R e f l e c t i v i t y  i n  
J .  Appl. Phys. 
O p t i c a l l y  Inhomogeneous IR-IMP 
I 
I 
Vol. 43#11, 4612 (Nov 1972). 
- I n t e r p r e t a t i o n  of r e f l e c t i v i t y  d a t a  from t h e  s u r f a c e  of a 
semiconductor conta in ing  an i m p u r i t y  g rad ien t  and, i n  p a r t i c u l a r ,  
a p-n j unc t ion  is  of p r a c t i c a l  importance. Current t h e o r i e s  pre-  
d i c t  a shift i n  t h e  wavelength of the r e f l e c t i o n  minimum t o  s h o r t e r  
wavelengths. In  t h i s  theory and subsequent measurements, such be- 
havior  was not observed;  i n  f a c t ,  almost no sh iE t  of wavelength 
occurred even f o r  t he  most l i g h t l y  doped and shallow junc t ion  
samples. T h e  r e s u l t s  obtained i n d i c a t e  t h a t  the s u r f a c e  free- 
c a r r i e r  conccn t r a t ion  c,in b e  obtained d i r e c t l y  from :I r e f l e c t i v i t y  
measure'ncnt . 
MATT7 2 I t  Carr ie r  L i f e t i m e  Measurements by t he  Photoconductive Decay IR- IMP 
Met hod. 'I 
R .  L. Mattis, National Rurcau of Standards,  Wash., DC, 





ENRR66 "Inf rared  R e f l e c t i v i t y  of Heavily Doped Low-Mobility I R-IMP 
Sem Lconduc tors.  I. GaAs . 
(GaAs) L. A. Murray, J. J .  Rivera and P. ,I. Hnss, J. of Appl. Phy~., 
Vol. ;;7#13, 4743 (Dee 1966). 
- The disagreement  between experimental  measurement of t h e  
r e f l e c t i v i t y  minimum of low-mobility semiconductors and s imple  
theory is accounted f o r  by i n c l u s i o n  of t h e  imaginary p a r t  of 
t h e  d i e l e c t r i c  cons t an t  i n  derivinr;  t h e  ca r r i e r - concen t r a t  
plasma-wavelength r e l a t i o n s h i p .  
of p-type ga l l ium a r s e n i d e  are presented.  
Data on t h e  plasma wavelength 
NAVA7 1 "Carrier Relaxa t ion  T i m e  from In f ra red  Ref l ec t ion  Spec t ra  IR-IMP 
i n  Semiconductors . '' 
(HgTe , G,  Navascues and F. F l o r e s ,  Sol id  S t a t e  Communications, Pergamon 
CdO) P res s ,  Vol. 9, pp. 1267-1270 (1971). . 
- When t h e  carrier r e l a x a t i o n  time i n  a semiconductor is esti- 
mated independent ly  from r e f l e c t i v i t y  curves  ( T ~ )  and from Hall 
mobi l i t y  d a t a  (TH) i t  is  f r equen t ly  found t h a t  To 
d i sag ree  r a t h e r  markedly. An explana t ion  is o f t e n  suggested i n  
terms of s t a t i s t i c a l  e f f e c t s .  Since t h i s  r e q u i r e s  a s u f f i c i e n t l y  
non-degenerate d i s t r i b u t i o n  and a s t r o n g l y  d i s p e r s i v e  s c a t t e r i n g  
mechanism, w e  explore  another  a l t e r n a t i v e  invoking t h e  r o l e  of a 
space charge boundary l a y e r .  Two examples are considered and t h e  
a n a l y s i s  y i e l d s  q u i t e  reasonable  results. 
and TH 
PHIL7 3 "Plasma Resonance on p-Type Gallium Arsenide. I' 
(GaAs) John W. P h i l b r i c k ,  C .  A. P i l l u s  and C. P, Schneider ,  Sol id  S t a t e  
Tech., Vol. l.6, 66 (Apr i l  1973). 
- The v a r i a t i o n  of t he  p o s i t i o n  of t h e  i n f r a r e d  r e f l e c t i v i t y  
minimum w i t h  c a r r i e r  concen t r a t ion  was determined from H a l l  
e f f e c t  and r e f l e c t i v i t y  measurements, unpublished d a t a  of 
o t h e r  workers and s e l e c t e d  d a t a  i n  the  l i t e r z r u r e :  The c a l i -  
b r a t i o n  curve  f o r  t h e  de te rmina t ion  of concen t r a t ion  from t h e  
p o s i t i o h  of  t h i s  minimum is given. Concent ra t ions  determined 
from t h i s  equat ion  agree  w i t h  those determined from H a l l  meas- 




R A W L 6 4  "Mnasurement of the Resistivity c f Epitaxial Vapor Grown 
Films of Silicon by an Infrared Technique." 
(Si,Ge) T. ?. R ,  Rawlins, J .  Electrochem. Soc., Vol. 111#7, 810 (July 
1964). 
- An infrared reflectivity technique is outlined 
reflectivity may be correlated with d-e reeistivi 
vapor deposited epitaxial silicon layers. The 
ly irg  the method is outlined and Zalculated cu €or differ- 
ent planes of polarization are given. Experimental results are 
described for a range of resistivities between 0.03-60 ohm-cm. 
Limitations of the equipment used are discussed and the validity 
of the method examined. 
Determination of Deep Impurities in Silicon and Germanium 
by Infrared Photoconductivity." 
I 1  T H U R 7  1 
(Si) W. R. Thurber (National Bureau of Standards), NBS-TN-57D; March 
1971, pp. 16, Microfiche N71-20614 (1 card). 
IR-RHO 
IR-IMP 
- A literature search of a PC determination of deep impurity 
concentrations, noting difficulty with PC when more than one 
kind of deep trap is p r c s c n t .  
TRON7 3 "Optical Absorption Edge a n d  Raman Scatterirg in IR-IMP 
GeX S e l - j ( . "  
(Se:Ge) P.  T r o w ,  M. Bensonssnn ,  A. Brcnac and C. Sebenne .  P h y s .  Rev. 
- B8, 5947 (1973) .  
- Photon absorpt ion  and i n e l a s t i c  scattering. 
V 
rc" 
B M C 7  2 
BUGR? 0 
CARR67 
"Nor d e s t r u c t i v e  Pho tovo l  t a  ir. 'rec 1: ti  ique for  the  Measurement op-mo 
of R e s i s t i v i t y  Gradien ts  i n  Circiilnr Semiconductor Wafers." 
0. L .  Blackburn and H .  A.  S c h a f f t ;  J. E lec t ro .  Chem, Soc. Vol. -- 119#:.2, 1773 (1972). 
tal a l t e r n a t i v e  t o  the  fwr-probe technique f o r  making 
y g r a d i e n t  measurements d o n g  the  d iameter  of a c i rcu lar  
semizonductor wafer is descr ibed  i n  t h i s  paper.  This  technique,  
which is based upon the  bulk. p h o t t v o l t a i c  e f f e c t  of Tauc (5), 
r e q u i r e s  no c o n t a c t  wi th  t h e  f l a t  s u r f a c e  of t h e  wafer and permfts  
a cont inuous measurement o f  the  r e s i s t i v i t y  g rad ien t  a long t h e  
wafer diameter t o  be made. , 
"Measurerncnt of t h e  R e s i s t i v i t y  Inhomogeneity of Pho tosens i t i ve  OP-RH0 
SemiconductLng Materials b y  the Dark Probe Method. 'I 
V. I. Bugrienko and V. N .  Rybin; t r a n s l a t e d  from F iz ika  i Tekhnika 
Poluprovodnikov, pp. 1593-1597, October 1969. Sovie t  Physics- 
Semiconductors,  Vol. 3f10, 1340 ( A p r i l  1970). 
- The "dark probe" met.hod, proposed i n  t h e  p re sen t  pape r  f o r  
measuring t h e  r e s i s t i v i t y  inhomogeneity of pho tosens i t i ve  s e m i -  , 
conducting m a t e r i a l s  d i f f e r s  b a s i c a l l y  from t h e  p r e s e n t l y  a v a i l a b l e  
methods. In o r d e r  t o  reduce the t o t a l  r e s i s t a n c e  t h e  whole sample 
of l eng th  L is illiiminatetl un i fo r in ly ,  wi th  t h e  except ion of a 
narrow s t r i p  whose width i s  S. 
"De t ermina c ion o f Elec t r  i ca  1 Conduc t i v  i t  y of Pho toconduc t o r s  OP-RHO 
RF-RHO Without Contac t ing  Elec t rodes ."  
(Se,CdS, A. Carre l l i ,  F. F i t t i p a l d i  and L. Pauciulo,  J. Phys. Chem. 
S o l i d s ,  Pergannon P res s ,  V o l .  28, pp. 297-299 (1967) 
- It is  shown t h a t  i t  can be p o s s i b l e  t o  determine e l ec t r i ca l  
conduc t iv i ty  0 of  photoconductors and semiconductors wtthoutr 
con tac t ing  e l e c t r o d e s  from measurement of to rque  exer ted  on a 
suspended specimen, by ;1 r o t a t i n g  e l e c t r i c  f i e l d ,  E ( t ) .  The 
experiments were carr ied out  wi th  CdS, S,  .Se. Those measure- 




I .  C .  Korpova, V .  G .  Aleksueva ant S.  G.  Knlashnikov; translated 
from F i z i k n  Tverdogo T e l a ,  pp. 634 -641, Ifarch 1962. 
Solfc S t a t e ,  Vol. I_ 4 f 3 ,  461 (September 1962) .  
Soviet PhyttiC8- 
- W e  have inves t iga t ed  t h e  photoma p e t i c  e f f e c t  (PME) and photo- 
conduc t iv i ty  (PC) i n  n-germanium doped w i t h  gold as  functions 0,' 
temperature and gold atom concen t r a t ion .  
"Analysis of t h e  Homogeneity of Semiconductor Materials by 
Using t h e  Method of t h e  Volume Photo-emf." 
D. T .  Kokorev and N. F. Kovtonyuk; t r a n s l a t e d  from Pr ibory  i 
Tekhnika Eksperimenta, No. 2 ,  pp. 160-164, March-April 1962. 
Ins t ruments  and Experimental Techniques, Vol. 5, 382 (1962) .  
- The present a r t i c l e  exp lo rcs  the  a p p l i c a b i l i t y  of the method 
o f t h e  volume photo-emf f o r  i n spec t ing  the  homogeneity of semi- 
conductor m a t e r i a l s .  I t  is shown t h a t  t h e  e m €  i n  homogeneous 
semiconductors a r i s e s  only d u e  t o  t h e  space charge,  w h i l e ,  i n  
inhomogeneous semiconductors, t he  emf conncc ted wi th  the  non- 
uni formi ty  of r e s i s t i v i t y  is <idded t o  t he  emf which i s  due t o  
t h e  spncc c h i r g c b .  RccoiililicnlItl.tt ions concerning t h e  methods m d  
schemes lor p l o t &  in) :  t l i c .  inhomogeneity d i s t r i b u t i o n  curves  are 
g iven .  I ' l i i s  : n c i t l i o ( l  r a i n  111) s i ~ c : ~ * e ~ s f u I  l v  iiscd f o r  i n spec t ing  t h i n  
s e m i ( * o n c i i i L  t o r  1 i I ; i t c . s .  I f i r  i i i s t t i nce ,  pI.ites of GEl,S-'JO/I.5 ger- 
i i i ; ~  ii i urii . 
"Quanti t a  t i v c  Pho tovol t n  i c Evalua t ion  o € t h e  R e s i s t i v i t y  OP-RHO 
Homogeneity o f  Germanium S ing le  Crys t a l s . "  
J .  O r o s h n i k  a n d  A .  Many. Sc l id -S ta t e  E lec t ron ic s ,  Pergamon Press, 
Vol. A, pp  46-53 (1960).  
- An appa ra tus  based o n  thc bulk pho tovo l t a i c  e f f e  
by means of which q ~ a n t i t ~ i t i v e  estimates of t h e  re 
t hrouchou t gerrn;~ I I  i um s i n g  1 e--c r y s  t a l  snmpl e 
material tha t  is homogeneous i n  l i f e t i m e ,  
as 3 p e r  c e n t .  
.- 
A-25 
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0i . t  Ical I’robfn~; o f  1nhomol;ci i~~l t lc~s I n  T I - C ~ A S  w i t h  Appl i w t l o i i R  0tJ-l{tlo , 
t o  the Acous toe lec t r i c  Tnst; ibilI t l .es.” 
I 1  SI’I‘hbt3 
(Gn A s )  Davi3 L. Spears and Ralph 13r:iy; Journal of Applied Phys ics ,  
Vol. 39#11, 5093 (October 1968). 
- A s tudy  is  presented of the  i n t i m a t e  r e l a t i o n s h i p  between 
c u r r e n t  i n s t a b i l i t i e s  of acous toe’ .ec t r ic  o r i g i n  i n  n-GaAs at 
77OV and t h e  inhomogeneicy i n  the Ohmic r e s i s t i v i t y  of t h e  samples. 
I n  o rde r  t o  c o r r e l a t e  va r ious  a spx t s  of t he ’acous toe le  
i n s t a b i l i t i e s  wi th  t h e  sample inhomogeneities, two o p t i c a l  
probing techniques were developed f o r  de te rmining  t h e  Ohmic- 
’ r e s i s t i v i t y  p r o f i l e  w i th  good s p a t i a l  r e s o l u t i o n ,  2 0 . l m m .  One 
involves  the  measurement of t h e  l o c a l  photoeonductance i n  t h e  
sample, which is r e l a t e d  t o  t h e  l o c a l  d a r k  r e s i s t i v i t y ;  t h e  o t h e r  
method involves  t h e  measurcrnent of t h e  change i n  o p t i c a l  t r ans -  
mission produced by t h e  Local thermal s h i f t  i n  t h e  i n t r i n s i c  
abso rp t ion  edge when the  s i m p l e  is  heated by a h igh  c u r r e n t  pu lse .  
The change i n  o p t i c a l  t ransmiss ion  is r e l a t e d  t o  t h e  l o c a l  resis- 
t i v i t y .  The a c o u s t i c  f l u x  d i s t r i b u t i o n  i n  t h e  sample i s  d e t e r -  
mined by y e t  another  o p t i c a l  probe, u t i l i z i n g  the  modulation i n  
t ransmiss ion  produced by  the high acoustic-energy d e n s i t y  i n  t h e  
domain. Several  aspects of t h e  a c o u s t o e l e c t r i c  e f f e c t s  a r e  
themselves u s e f u l  t o r  gauging t h e  homogeneity of t h e  samples .  
I n  p a r t i c u l a r ,  t h e  propagating a c o u s t o e l e c t r i c  domain s e r v e s  a s  a 
convenient probe of thc c a r r i e r  concent ra t ion .  These techniques 
are appl ied  t o  t h e  annlysis of the  form of t h e  c u r r e n t  i n s t a b i l i t i e s ,  
t h e  d i s t r i b u t i o n  of t h e  a c o u s t i c  f l u x  i n  t h e  sample ,  and t h e  domain- 
formation process .  The presence of a somewhat h igher  r e s i s t a n c e ,  
hence higher acous toe lec t r ic -ga in  reg ion ,  a t  t he  u p s t r e a m  end near 
t h e  cathode i s  shown t o  c o n t r i b u t e  t o  t h e  formation of propagating 
nc*ous toe lec t r ic  domains. 
SUBA63 “Determination of Semfcondrictor Parameters from t h e  OP-RHO 
Photomagnetic E f f e c t  and Photoconductivity.” 
V. K. Subashiev, t r a n s l a t e d  from F iz ika  Tverdogo Te la ,  pp. 556- 
558, February 1963. 
(August 1963). 
Sovie t  Physics-Solid S t a t e ,  V o l .  B, 405 
- The b a s i s  is given f o r  an  improved v a r i a n t  of t he  method f o r  
determining t h e  parameters o f  n uniform semiconductor from t h e  
photoconduct iv i ty  and photo inapet ic  e f f e c t  response spectra. 
A-26 
"H i pl i-S e n s  i t  i v  i t y P ho t ocond uc tor  I,; y er s . OP-RYO THOM5 5 
(Cd S 1 S. MLlton Thornsen and Richard H. Bi.be. 
Instruments  , V o l .  2667, ( J u l y  1955) 
- High-sens i t iv i ty  photoconductor "powder" layers and "sintered" 
layer:; have been prepared i n  large-area form, w i t h  most of t h e  
d e s d r a b l e  c h a r a c t e r i s i t i c s  of s i n g l e  c r y s t a l s .  
of 1 f t - e ,  rat ios of photocurrent  t o  d a r k  c u r r e n t  as l a r g e  as lo6 
may be obta ined  for both t y p e s  of l a y e r s .  
The R e v i e w  of S c i e n t i f i c  
--. 
A t  an i l l u m i n a t i o n  
CIiEN7 2 "Photothermoelectr ic  Analysis  of Chemically Deposited Cadmium OP-Mu 
S u l f i d e  Layers. I' 
(CdS) Chen-ho Wu, Robert  S. Feigelson and Richard H. Bube, J. Appl. 
Phys., Vol. 43/12, 756 (February 1972). 
2 - Carrier m o b i l i t i e s  i n  t h e  few thousandths c m  /V sec can be 
r e l i a b l y  i n f e r r e d  from thermoelec t r ic  power measurements, con- 
s i d e r a b l y  smaller than can be determined by s tandard  H a l l  
measurements. Techniques of photothermoelectr ic  a n a l y s i s  are 
appl ied  tn chemical ly  depos i ted  l a y e r s  of CdS and CdS-CdSe, as 
prepared,  and a f t e r  p h o t o s e n s i t i z a t i o n  by impurity d i f f u s i o n .  
Photoconduct ivi ty  i n  t h e  unsens i t ized  f i l m s  is due wholly t o  an  
i n c r e a s e  i n  m o b i l i t y  i n  t h e  s e n s i t i z e d  f i l m s ,  both c a r r i e r  d e n s i t y  
and mobi l i ty  i n c r e a s e  w i t h  photoexci tn t ion .  The h igh- l igh t  mo- 
b i l i t y  is increased by ;I f a c t o r  o €  lo?  by impurity s e n s i t i z a t i o n .  
I 
ETSE7 2 "Double Modulation Method f o r  Hal l  E f f e c t  Measurements on 
Photoconducting Materials." 
I. Eisele and L. Kevan, The Review of S c i e n t i f i c  Instruments ,  
Vol. 4352, 189 (Feb 1972). .. 
OP-Mu 
- A new double  modulation method f o r  photo-Hall m o b i l i t y  measure- 
ments on h i g h  impedance photoconductors is descr ibed .  The mag- 
n e t i c  f i e l d  is modulated by r o t a t i n g  t h e  sample i n  t h e  f i e l d  and 
t h e d e n s i t y o f  charge  carriers is  modulated by chopping t h e  l i g h t  
beam which induces photoconduct ivi ty .  The Hall s i g n a l  is  d e t e c t e d  
a t  t h e  sum frequency of t h e  two modulations and d clear d i s t i n c t i o n  
i n  ptinse and frequency between t h e  Ha11 s i g n a l  and d i f f e r e n t  e r r o r  
s i g n ; t l s  is obta ined .  
A-27 
*r 
ROBE68 "Lnves t iga t ion  of t h e  Hom0geneit.r of CdS Crystals Using 
an o p t i c a l  &xhe.'' 
1 -r (CdS) C. I .  KCJBER and E. A. Ask; SoJid-State  E lec t ron ic s ,  
1'erf;amon Pres s ,  Vof. II, pp. 603-612 (1968). 
- The i n t e r n a l  inhomogeneities i n  r e s i s t i v i t y ,  e l ec r ro -  
m&cbanical coup l ing  cons t an t  'and Elec t ron  d r i f t  mob i l i t y  i n  
phot oconduc t i  
usJ.ng an O p t i c a l  Probe. 
amplitude-modulated beam of l i g h t  pro jec ted  throu 
c r y s t a l  and 'superimposed on t h e  normal i l l u m i n a t i  
inhomogeneity b fo rma t io r i  is c a r r i e d  a s  an a.c. c 
CdS Acoust ic  AmpliEier c r y s t a l s  are measured 
The Probc c o n s i s t s  of a 
OP-MU 
of t h e  c u r r e n t  or u l t r a s o n i c  s i g n a l  through the  c r y s t a l .  
Rksul t s  i n d i c a t e  marked inhomogeneities i n  a l l  t h e s e  parameters,  
and pofnt  s t r o n g l y  t o  t h e  fact  t h a t  t h e  e l e c t r o n  d r i f t  mob i l i t y  
v a r i a t i o n  is a primary cause  of t h e  r e s i s t i v i t y  v a r i a t i o n  i n  
t h e  sample. 
SMfT69 "Phata-Half Measurement by a n  Improved Redf i e l d  Method." OP-Mu 
C, C. Smith. The Review of S c i e n t i f i c  Instruments ,  Vol, 40#11 
1454 QWavember 1969). 
- Improvements i n  e l e c t r o d e s  and i n  ins t rumenta t ion  a l low 
measurement of Hall m o b i l i t i e s  as low a s  1 cm2/V*sec i n  
photoconductfrng i n s u l a t o r s  
VOR07 1 "Determination of t he  Mobi l i ty  i n  Small  Sampl-es of Gallium OP-Mu 
Arsenide from Magnetoresis t  i ve  E f f e c t s  . ' I  
V, N. Vorob'ev and Yu. F. Sokolov, Sovie t  Physics  - Semicon- 
d u c t o r s ,  V o l  , 616 (October 1971).  
- A method was developed f o r  t he  de te rmina t ion  of t h e  mob i l i t y  
i n  n-type G a k  under laser o s c i l l a t i o n  cond i t ions .  The method 
is based on t dependence of the laser threshold  c u r r e n t  on 
the magnet fc 
of t h e  m o b i l i t i e s  pi and 1-1, found by t h e  threshold-current  
and t h e  magnetores i s tance  methods, and o f s t h e  r e l a t i o n s h i p  
between t h e s e  m o b i l i t i e s  and the  Hall va lue  
that, if t h e  true mobi l i ty  isi taken as 
p o s s i b l e  t o  e x p l a i n  much of t he  experimental  d a t a  on the de- 
pendence of t e threshold  c u r r e n t  and vo l t age  on the  transverse 
mngne t i c  f i e l d  . 
e l d .  An a n a l y s i s  is made of the phys ica l  meaning 
Ph. It is shown 
u=pi%&, i t  becomes 
WALT7 0 "Conduction Band Ef fec t ive  Mass i rr  N-Type Sil icon." OP-MU 
(Si) A, K. Walton and P, L. R imann, Department of Bhysicr, U n ~ v ~ ~ ~ ~ ~ ~  
of Siteffield,  p. 1410 (1969). 
- Metrsureme'nts of t h e  i n f r a r e d  free carr dispersion and 
Faraday rotation in N-type s i l icoq are repor ted .  
t h e  d i s p e r s i o n  and Faraday r o t a t i o n  r e s u l t s  g i v e s  an e n t i r e l y  
o p t i c a l l y  determined room-tempera$-we t r a n s v e r s e  e f f e c t i v e  mass 
of (0*225&0*01)m y i e l d s  t h e  carrier concentrations i n  the spec l -  
mens. 
experiments must b e  suspec t .  
Combination of 
Previous  e f f e c t i v e  mass de termina t ions  involv ing  Hall er ' fec t  
BAEV66 "An I n v e s t i g a t i o n  of t h e  D i s t r i b u t i o n  of Inhomogeneous Regions OP-'rAv 
i n  Semiconductors." OP-RHO 
(Ge) I. A. Baev and E. G. Valyashko; t r a n s l a t e d  from Fiz ika  Tverdogo 
Tela, pp. 2585-2593, September 1965. Sovie t  Physics-Solid 
State, Vol. 7f9, 2093 (March 1966). 
- The r e s u l t s  of a s tudy of inhomogeneities of p and 'c i n  semi- 
conductor c rys ta l s  a r e  presented.  The theory of t h e  bulk photo- 
v o l t a i c  e f f e c t  was used t o  d e r i v e  express ions  u s e f u l  i n  t he  quant i -  
t a t i v e  eva lua t ion  of grad p i n  t h e  va r ious  inhomogeneous po r t ions  
of t h e  c r y s t a l  us ing  experimental ly  determined va lues  of the  bulk 
photo-emf and of the  photoconduct ivi ty  of the  ma te r i a l .  
, i  
GERS7 0 " E f f e c t  of t h e  S p a t i a l  Carrier D i s t r i b u t i o n  on t h e  Cyclotron OP-TAU 
Resonance Spectrum." 
(Gel E. Gershenzon, E. Gus insk i i ,  R. Rabinovich and N. Soina,  Sov. 
Phys. Sol .  S t .  12/16, 1389 (1970). 
- Photoexci ted carriers in pure G e  show s t rong  dependence of 
t h e i r  cyc lo t ron  resonance s p e c t r a  on thej-r  s p a t i a l  d i s t r i b u t i o n .  
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HARP70 "Photo~hermoelectric Effects in Semiconductors: q- and p-Type QP-TAU 
Silicon." 
(Si) Jsmm G. Harper, Herman E. Matthews and Richard H. Bube, Journe 
of Jpplied Physics, Vol. 41#2, 765 (February 19701, 
- The ability of thermoelectric power measurements to permit a 
description of carrier-density atd phonon-drag variations caused 
byphotocxcitation was tested in 100 Q*cm rl- and p-type silicon. 
At low temperatures the major effect of photoexeitation is t o  
decrease the phonon-drag contriturian to the thermoelectric 
power by increasing the phonon dens crystal. A t  higher 
temperatures the thermoelectric eff used t o  investigate 
changes in the electronic contribution due t o  photoexcitation. 
An apparently anomalous increase in thermoelectric power with 
photoexcitation was consistently found in 0-type silicon over 
an intermediate temperature range. 
HAYN74 "The COMSAT Non-Reflective Silicon Solar Cell: 
A Second Generation Improved Cell." 
OP-TAU 
(Si) J.  Haymos, J, Allison, R. Arndt and A. Muellenberg, International 
Conference on Photovoltaic Power Generation, Hamburg, Germany, 
September 25-27, 1974, reprints available from COMSAT Laboratories, 
Box 115, Clarksburg, Md., 20734. - Photovoltage vs. wavelength show improvement with controlled 
surface roughness of Si. 
HEN156 "Contactless Method f o r  the Estimation of Resistivity and OP-TAU 
Lifetime of Semiconductors." RF-RHO 
H. K. Henisch and J. Zucker, Rev. Sci. Inst., Vol. 27 (1956). 
- In the processing of semiconducting materials, it is often 
desirable to estimate the resistivity and bulk lifetime of 
charge carriers rapidly and without special shaping of the 
specimens. The device described in this note is designed to 
accomplish this. Lifetime is measured by illuminating the 
specimen while it is near the coil and determining the losses 






"Phc,toelectric Determination of the Homogeneity of Specific ' OP-TAU 
OP-RHO Retiistance and Excess-Carrier LiFctime in Silicon." 
'rt. 2 .  Iglitsyn, E. P. Berdnikov, V. V. Voronkov and G. I. 
Voronkova; Industrial Lab Vol. 37, 878 (Jan-June 1971). 
- Semiconductor devices with large active areas (power devices, 
radixtion detectors, etc.,) have to be manufactured from silicon 
crystals of homogeneous specific resistance p and excess-carrier 
lifetime T f1-4l. The present methods of measuring the homo- 
eity of these parameters are qulte laborious and not always 
sensitive enough. Here we describe a simple method of simultaneous 
and continuous determination of p and 'i: as well as of their inhomo- 
geneity in high-resistance silicon crystals whfeh i s  based on 
measuring photoconductivity at two modulation frequencies. 
I 
"Spectral Photosensitivity of Inhomogeneous Semiconductors." OP-TAU 
V. G .  Kustov, V. P. Orlov, V. A .  Presnov and B .  S .  Azikov, 
Soviet Physics - Semiconductors, Vol m, 567 (October 1970). 
- An analysis is made of the influence of local inhomogeneities 
OR the photoconductivity spectrum and on the spectrum of photo- 
conductivity quenching. GaAs is used to demonstrate that an 
inhomogeneous distribution of recombination parameters across a ' 
sample alters the nature of the photoconductivity spectrum beyond 
the fundamental absorption edge. 
OP-TAU "The Violet Cell: 
3 .  Lindmayer and J. F .  Allison. ComSat Technical Rev. 3/11 1-22 
(Spring 1973). 
- Photovoltage measurements vs.  wavelength reveal the controlling 
importance of carrier recombriation in the improved "violet" so 
cell devices on the scale of lOOOx. 
An Improved Silicon Solar Cell." 
-- 
"Method of Measuring the Famday Effect in Semiconductors." OP-TAU 1 
Yu. A. Makhalov; Instrum. and Exp. Tech. V o l .  - 12/12, 1593 (July- 
Del= 1969). .. 
- The Faraday effect is used for measwing the effective mass of 
the current carriers in semiconductors and for studyinginterband 
transitions. 
rotation of the plane of polarization up to +0.Zo, based on the 
use of l i g h t  with variable polarization. 
A method is suggested for measuring the angle of 
XAM7 6 "Free-Exciton Energy Spectrum i n  GuAs." BP-TAU 
(Cas) S. B .  Nam, D. C. Reynolds, C, W. Lieton, R. J. Almamy and T. C. 
Collins,  Phys. Rev. B13 (Scheduled- 15 Jan 1976). 
- Photoluminescence and r e f l e c t i o r .  a t  64712 are used to  observe 
t h e  zxc i ted  s t a t e s  of t h e  f r e e  e x c i t o n - i n  GaAs, as well as t h e  
ground s ta te ,  up to  40 kG magnetic. f i e l d .  
SCHE7 5 "Photovoltaic P r o p e r t i e s  of Anisotropic  Relaxation OP-TAU 
Semiconductors." 
J. F. Sche tz ina ,  Phys. Rev. B12610 (1975). 
- The anomalous photovol ta ic  e f f e c t s  f r e q u e n t l y  observed i n  G a A s  
and o t h e r  a n i s o t r o p i c  semiconductors are explained i n  terms of a 
theory f o r  t h e  i n f l u e n c e  of nonuniformit ies  on t h e  carr ier  relaxa- 
t ion ,  
SEKI7 1 "Photocurrent and C a r r i e r  D i s t r i b u t i o n s  Due to  Steady Light  
Absorbed i n  F i n i t e  Thickness." 
OP-TAU 
H. Seki  and B .  H. Schechtman; J. Appl. Phys., Vol. 43/12, 523 
(February 1972). 
- The s t e a d y - s t a t e  photocurrent  through 'a l a y e r  of photoconducting 
m a t e r i a l  i s  i n v e s t i g a t e d  when one of t h e  s u r f a c e s  is  i l lumina ted  
i n t r i n s i c  and free of deep t r a p s ,  l i g h t  p e n e t r a t i o n  is charac- 
t e r i z e d  by an, optical absorption c o e f f i c i e n t ,  and bulk  recombi- 
n a t i o n  is t aken  i n t o  account .  
. by a c o n s t a n t  l i g h t  source.  The material is assumed t o  be 
, 
ULBR7 3 "Energy Relaxat ion of Photoexcited Hot E l e c t r o n s  i n  GaAs."  
(GnAs)  R. Ulbr ich,  Phys. Rev. g, 5719 (1973). 
- Photoinduced c o n d u c t i v i t y  permits  observa t ion  of T vs .  
carrier energy i n  high m o b i l i t y  semiconductors. 
A-32 
OP-TAU 
//* VDOV73 "tifatime of Nonequflibrium Carrters in Sing1 
o E Cd,Hgl-,Te. 11 
(HgCdTe) E. E .  Vdovkina, N. S. Baryshev, 1. P. Volkova, A. P. Cherkasov, 
M. ?. Shchetinin and I .  S. Aver'yanov. Inorganic Materials, 
V O ~ .  , 115 (1973). 
- Tte lifetime w a s  determined by means of measuremente of the 
photoelectromagstic 
(PC) of n-t e specimens with uncompensated donor concentrations 
of iAbout loyg ~ 1 . 1 - ~ h - i  the range from 77  t OO°K. For the photo- - 
electric measurements we selected the most homogeneous specimen3 
in which there were no parasitic photo-emfs associated with comp- 
osition or carrier-concentration gradients. The lifetimes found 
from the separate measurements of the PC and PME and thosedeter- 
mined by the method of PC/PME ratios were practically equal, since 
there is no appreciable capture of nonequilibrium current carriers 
in the range of temperatures used. 
ef feet .(PW) and the photoconductivity 
i 
BAEV64 "Study of the Homogeneity of Semiconductor Crystals with the OP-IMP 
Use of a Moving Light Probe." 
(Gel I. A. Baev and E. G. Valyashko; translated from Fizika Tverdogo 
Tela, pp. 1729-1734, June 1964. Soviet Physics-Solid State, 
V o l .  *, 1357 (December 1964). 
- A method is proposed for studying semiconductor crystals by way 
of the bulk photo-emf which arises when a light probe is moved 
across inhomogeneous portions. If the inhomogeneity is related - 
to a nonuniform distribution of impurities, the relative magni- -.--  
tude and direction of the concentration gradient can be determined. 
BEBB7 2 "Photoluminescence I: Theory." OP-IMP 
(GaAs) H, Barry Bebb and E. W. Williams; Semiconductors and Semi- 
Metals Edited by R. K. Willardson and Albert C. Beer, Transport 
and Optical Phenomena, Peademic Press, N Y C ,  Vol. 8, pp. 181-321 
(1972). 
-A major purpose of the present article is to provide an intro- 
duction to the theoretical and experimental aspects of the 
photoluminescence at the research level. . In ord 
self-consistency throughout the article, our dev 
a subject will often differ in nQtation and form from the 
original literature. On the experimental side ourpurpose is to 
bring together all of the important independent empirical results 
and take an overview of the collection of findings to establish 
what is actually known and what needs additional experimental 




F U R 7  1 eoluminescence on Callium-Arsenide." OP-IMP 
E. Fabre, SQ State Communicst.kons, Pergamon Presr 
635 (1971)- 
e r n ~ ~ ~ u r ~ r n ~ n ~ $  o  high purity tl- 
smide have s h m i  8 correlation be 
af two recombination peaks at 1.51 
ompensation ratio deduced from Wall effect 
is possible to study the homogeneity o 
pmation by scanning the laser excitation. 
.-=. 
HENR7 3 lysis oE Electron-Hole Recombriation in Bu- OP-IPP 
and 0-doped Gap." 
(Gap) .C. N. Henry, 
-471iI (1973). . * .  
. 2. Bachrach and N. E. Schumaker, Phys, Rev. 
- Photolum€nescence from fmpuritysites - theoretical. 
HERE168 "Specnal Analysis of Photoemissive Yields in GaAs and OP-IMP 
Related Crystals. " 
(GaAs) Frank Herman and William E. Spicer, Physical Review, Vol. 17413, 
pp. 906 (15 W t  1968). 
- An improued energy-band model for GaAs is reported. 
KRES 68 "Luminescence in Silicon-Doped GaAs Grown by Liquid-phase OP-IMP 
Epitaxy." I 
(GaAs:SI) H. Kressel, U. Dunse, N. Nelson and F. Z.  Hawrylo, Journal 
of Applied ics, Vol. 3 9 1 4 ,  2006 (March 1968). I .. 
processes in cldsely compensated GaAs doped with 
Si+Te (q-type) have been studied by photolumi- 
n 300'and 7'K. These mat,erials were grown by 
itaxy. 
stor levels in GaAs with ionization energies of 
The results strongly suggest that Si intro- 
meV and '~100 meV. 
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"Observations Concerning Radiatit,  e Eff i c i ency  and Deep-Level ' OP-I 
Lunineseence i n  q-Type GaAs Prepared by Liquid Phase Epitaxy." 
H. Kressel, F. Z. Hawrylo, M. S. Abrahams and C. J. Buiocchi, 
Jou rna l  of Applied Physics ,  Vol 39#1l, 5139 (October 1968). 
- A .3tudy vas made of 
ep i taxy  doped wi th  S i ,  G e ,  Sn, Te and Se by photoluminescence 
and Te-doped material by t ransmission-elec on microscopy. A 
broad emission band centered  a t  1.2 e V  (b B) is observed i n  
LPE materials doped wi th  group VI elements. 
'I-type GaAs prepared by l iquid-phase 
- 
v'Cathodoluminescence of Gallium Arsenide." OP-IMP 
L. N. Kurbatov, N. N. Mochalkin and A. I). Britov.  Trans la ted  from 
Fiz ika  i Tekhnika Poluprovodnikov, V o l .  4, No. I, pp. 62-66, 
January 1970. Or ig ina l  a r t i c l e  submitted Apr i l  2, 1969. 
- An i n v e s t i g a t i o n  was made of t h e  in f luence  of t he  impuri ty  con- 
c e n t r a t i o n ,  t he  d e n s i t y  of the inc iden t  f a s t  e l e c t r o n s ,  and t h e  
temperature  on the  spontaneous and coherent  luminescence of gal l ium 
arsenide .  The data obtained i n d i c a t e  t h a t  t h e  spontaneous lumines- 
cence spec t rum has s e v e r a l  maxima as soc ia t ed  wi th  d i f f e r e n t  t r a n s i -  
t i ons :  band-bandy band-impurity, and impurity-impurity.  The fn- 
t e n s i t i e s  of t hese  t r a n s i t i o n s  depend i n  d i f f e r e n t  ways on the  i m -  
p u r i t y  concent ra t ion ,  t he  degree of compensation of t h e  sample, t he  
e x c i t a t i o n  l e v e l  and t h e  temperature.  
"Optical  Pumping i n  Nitrogen-Doped Gap." OP-IMP 
R. F. Leheny and J .  Shah, Phys. Rev. B 1 2 # l O  (1975). 
- Photon absorp t ion  resonant  wi th  the  deep t r a p s  formed by 
N i n  GaP is used t o  s tudy impurity d e n s i t y  and t h e  charged 
t r a p s  s o  formed., 
"Origin of EPR Signal from S i l i c o n  Surfaces." OP-DEF 
R. Lcrnkc and D. H;incrniin, 13ull APS 201112, 1502 (1975). 
- EPR s i g n a l s  a r e  trnccd t o  rnicrocreecles on s i l i c o n  su r faces  
cleaved in  UHV a t  low temperatures a t  g=2.0055; t he  lowest s p i n  
d e n s i t y  corresponded to  7+2x10 1 2  cm' 2 . 
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OMEL69 "Equipment f o r  Studying Gnlvanomiignetic Thermal and Photo 017-IMP , 
E f f e c t s  i n  High-Resistance Semiconductors (Exchange of 
m a e r i e n e e l ' *  i 
E. PI.  Omel'yanovskii and N. N. So.'.ov'ev. 
Vol. 3552, 1215 (July-December 1969). 
- Apparatus has  been cons t ruc ted  f o r  measuring resis 
Hall e f f e c t  which is also used t a  s tudy  thermal and 
and photoconductance on v a r i o u s  semiconductor materials wi th  
resistivities up t o  10"' Si*cm. 
I n d u s t r 5 a l  Lib. ,  
ORL07 1 " U s e  of t h e  Faraday E f f e c t  f o r  I n v e s t i g a t i n g  t h e  D i s t r i b u t i o n  OP-IMP 
of Current  Carrier Concent ra t ions  in n-Type GaAs." 
(GaAs 1 P. B. Orlov, L. I. Kolesnik and Yu. V. Kudin, t r a n s l a t e d  from 
Zavodskaya Labora tor iya ,  pp. 440-444, Apr i l  1971; I n d u s t r i a l  
Lab., Val. 37, 562 (Jan-June 1971). 
- The c o n t a c t l e s s  methods which are  now more and more ex tens ive ly  
used f o r  i n v e s t i g a t i n g  semiconductor characteristics also inc lude  
methods by which t h e  concen t r a t ion  of c u r r e n t  carriers is measured. 
Determinat ion of t h e  local. concen t r a t ion  would make i t  p o s s i b l e  t o  
examine t h e  d i s t r i b u t i o n  of impur i t i e s  i n  semiconductor materials, 
The au thor s  have developed a c o n t a c t l e s s  method of measuring t h e  
c u r r e n t  carrier concen t r a t ion  i n  n-type G a A s  s i n g l e  c r y s t a l s  by 
means of t h e  magneto-optic Faraday e f f e c t .  
ROSS7 0 "Acceptor Luminescence i n  High P u r i t y  n-Type GaAs . ' I  OP- IMP 
(GaAs) J .  A. Rossi, C. M. Wolfe and J .  0. Dinnock, Phys ica l  Review 
Letters, Vol. 25#23 1614 (Dec 1970).  
- Photoluminescence of e p i t a x i a l  GaAs i n  a magnetic f i e l d  has  
e s t a b l i s h e d  t h e  o r i g i n  of s e v e r a l  recombination t r a n s i t i o n s  
20 t o  40 m e V  of f  t h e  band edge. 
SHN169 "Photoluminescence and Photoconduct ivi ty  in Undoped E p i t a x i a l  OP-IMP 
GaAs . " 
(GaAs) Jagdeep Shah, R. C .  C. L e i t e  and R. E. ,Nahky,  Phys ica l  Review, 
Vol. 184#3, 811 (15 August 1969). 
- We have measured the  photoluminescence and the  photoconduct ivi ty  
s p e c t r a  of pure  e p i t a x i a l  GnAs. The photoluminescence spectra a t  
2'K show 11 sha rp  peaks (widths  0.1-1.0 meV) between 1.509 and 
1.516 eV. The photoconduct iv i ty  spectra  s h o w  r e l a t i v e l y  sharp  
peaks ( w i d t h s  52meV) w h i c h  correspond i n  cnt'rgv to some o f  the 
emission 1 ines.  
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S W 7  0 "Far- fnf rnrcd Donor Absorption and Phbtoconductiv€gy 
Epltaxfnl  type GnAe." 
C. .'. Summers and R. Dingle ,  Phyeica l  Review B, Vol. fi, 1603 
(15 7eb 1970). 
- Donor-state. abso rp t ion  and photcconduct iv i ty  s p e c t r a  of 
e p i t i x i a l  GaAs l a y e r s  w i t h  carrier concen t r a t ions  i n  t h e  range 
10'4-10'6/~m3 are repor ted .  The e s s e n t i a l l y  e f f e c t i v e  mass-like 
beha-rior of t h e  impuri ty  s p e c t r a  3 s  confirmed, and i o n i z a t i o n  
ene rg ie s  of 6.08, 5.81, 5.89 and 5.1o+p.025 meV are repor ted  far  
Ge, S i ,  Se and S donors. The in f luence  of impurity-banding upon 
t h e  va lues  of % is considered.  
donor ground-state  ene rg ie s  are discussed.  
w t y u e  
Central-cell c o r r e c t i o n s  t o  
WILL67 "The Observat ion of Defec ts  i n  GaAs Using Photoluminescence OP-IMP 
a t  20°K. 
E. W. Williams and D. M. Blacknal l ,  Transac t ions  of t h e  Metal- 
l u r g i c a l  Soc ie ty  of AIME, Vol. =, 387 (March 1967). 
- Low temperature  measurements of photoluminescence were used 
t o  eva lua te  t h e  p rogres s  i n  materials development. Var i a t ion  
of t h e  impur i ty  type,  impuri ty  concen t r a t ion  and method of 
growth were used t o  c l a r i f y  t h e  chemical o r i g i n  of d e f e c t s  i n  
GaAs . 
WILL69 "Luminescence S tud ie s  of a New Line Associated With Germanium OP-IMP 
i n  GaAs."  
E. W. W i l l i a m s  and C.  T .  E l l i o t t ,  B r i t .  .J. Appl. Phys (J. Phys. 
D . ) ,  Ser.  2 ,  Vol. 2, 1657 (1969). 
- A luminescence l i n e  has  been observed a t  1.454 ev  a t  20°K i n  
germanium-doped G a A s .  Measurements have been made of the peak 
energy, i n t e n s i t y  and half-width as a func t ion  of, temperature.  
I ' ,  
WTJ,I,69 "Luminesccnce S tud ie s  of a New Line Associated wi th  OP-IMP 
Germanium i n  G a A s .  I' 
(GnAs) E. W. W i l l i a m s  and C. T. E l l i o t t ;  B r i t .  J. Appl. Phys. (J. 
Phys. D ) ,  Ser .  2 ,  Vol. 2, 1657 (1969). . 
- A luminescence l i n e  has  been observed a t  1.454 ev a t  20'K 
i n  germanium-doped GnAs. Measurements have been m 
peak energy, i n t e n s i t y  and half-width as  a f u n c t i o  
e r a t u r e .  T t  is proposed t h a t  t he  c e n t r e  responsib 
luminescence is  a n  a r s e n i c  vacancy bound t o  a germanium atom on 
an a r s e n i c  s i te .  Prelimin,iry r e s u l t s  i n d i c a t e  t h a t  a similar 
c e n t r e  is p resen t  i n  si l icon-doped G a A s  grotm from a gal l ium 
so lu t ion .  
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